Abstract. At fertilization in sea urchin eggs, elevated cytosolic Ca 2+ leads to the exocytosis of 15,000-18,000 1.3-1xm-diam cortical secretory granules to form the fertilization envelope. Cortical granule exocytosis more than doubles the surface area of the egg. It is thought that much of the added membrane is retrieved by subsequent endocytosis. We have investigated how this is achieved by activating eggs in the presence of aqueousand lipid-phase fluorescent dyes. We find rapid endocytosis of membrane into 1.5-1xm-diam vesicles starting immediately after cortical granule exocytosis and persisting over the following 15 rain. The magnitude of this membrane retrieval can compensate for the changes in the plasma membrane of the egg caused by exocytosis. This membrane retrieval is not stimulated by PMA treatment which activates the endocytosis of clathrincoated vesicles. When eggs are treated with short wavelength ultraviolet light, cortical granule exocytosis still occurs, but granule cores fail to disperse. After egg activation, large vesicles containing semi-intact cortical granule protein cores are observed. These data together with experiments using sequential pulses of fluid-phase markers support the hypothesis that the bulk of membrane retrieval immediately after cortical granule exocytosis is achieved through direct retrieval into large endocytotic structures.
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I
N many cells a burst of exocytotic activity is followed by a burst of endocytotic activity (24, 29, 38, 40) ; this has led to the idea that these two processes are coupled in some way to maintain cell surface area. One way to couple these two processes and maintain membrane surface area after secretion would be to internalize endocytotic structures of a number and size similar to the vesicles that fused with the plasma membrane during exocytosis. Consistent with this, in chromaffin cells (4) , posterior pituitary nerve endings (39) , and in melanotrophs (52) , endocytotic vesicles that are as large as, or larger than the corresponding secretory vesicles have been shown to form after triggered exocytosis. It is unclear how cells with large exocytotic granules would maintain cell surface area via a mechanism involving receptor-mediated endocytosis of small clathrin-coated vesicles (47) . Perhaps exocytotic vesicles fuse with the plasma membrane and reseal after release of their contents. The phenomenon of "flicker-fusion" illustrates that exocytotic vesicles can transiently fuse with plasma membranes (3, 7, 19, 58) . Alternatively, endocytotic vesicles of similar size to the exocytotic vesicles might be formed de novo after secretion by the direct retrieval of plasma membrane. Teleologically, there are benefits in each retrieval route. In the first, retrieval is simple and secretory vesicle membrane insertion is merely a means of delivering the vesicular contents to the exterior of the cell. In this scheme, the same proteins that mediate vesicle fusion may also mediate endocytosis. Maintenance of cell surface area is achieved by closing the fusion pore, thus retrieving the same number and size vesicles that fused with the plasma membrane. In the latter pathway, additional cellular components such as clathrin (28, 53) or dynamin (11, 41, 43) might be necessary to mediate membrane retrieval. This mechanism may allow extensive sorting of plasma membrane lipids and proteins that might be important for regulating cellular activity.
The elevation of the fertilization envelope during sea urchin egg activation is a consequence of the coordinated exocytosis of thousands of 1.3-~m-diam cortical secretory granules (in Strongylocentrotus purpuratus) (46) and is triggered by the release of Ca 2÷ from intracellular stores (15) . Exocytosis more than doubles the surface area of the egg (26, 34, 46) . Unfertilized sea urchin egg plasma membranes appear to possess clathrin plaques (45) , and the rapid formation of coated pits and vesicles after fertilization or egg activation has been demonstrated using electron microscopy (9, 20, 21) . However, it is thought that this clathrin-dependent endocytosis is independent of cortical granule exocytosis, and its magnitude has not been quanti-tated (20, 21) . It has remained unclear how the egg compensates for the increase in plasma membrane area after cortical granule exocytosis. In this study we have used confocal microscopy, electron microscopy, and a fluorimetric assay to determine whether endocytosis through the classic coated vesicle pathway is the sole means of membrane retrieval after sea urchin egg activation or whether other membrane retrieval pathways are operable.
Materials and Methods

Obtaining and Handling Gametes
Eggs and sperm of the sea urchin Strongylocentrotus purpuratus or Lytechinus variegatus were obtained by intracoelomic injection of 0.5 M KC1. Eggs were collected in artificial sea water (ASW1; 435 mM NaCl, 40 mM MgC12, 15 mM MgSO4, 11 mM CaCl2, 10 mM KCI, 10 mM Hepes, 1 mM EDTA, pH 8.0) and sperm were collected dry. Before fertilization, eggs were dejellied by several passes through 90-or 110-~m Nitex mesh (Tetko Inc., Elmsford, NY) and were washed three times in ASW. Batches of eggs exhibiting <98 % fertilization were rejected.
Confocal Microscopy
For confocal microscopy eggs were attached to polylysine-treated glass coverslips and mounted in a microscope perfusion chamber. For fertilization, eggs were perfused with ASW containing a 1:1,000 dilution of sperm. An MRC 600 (Bio-Rad Laboratories, Hercules, CA) with a kryptonargon laser coupled to an Axioscope (Carl Zeiss, Inc., Thornwood, NY) was used for microscopy (50) . A Plan-apo x63 NA 1.4 lens was used. The 488-and 568-nm lines of a krypton-argon laser and the standard filters (K1 and K2; Bio-Rad Laboratories) were used for simultaneous dual fluorescence imaging. The video signal from the confocal scan card was passed through a time-date generator (WJ 810; Panasonic, Secaucus, NJ) and recorded on an optical recorder (3031F; Panasonic). The microscope was set to scan continuously at either the normal or fast rate. The speed of the scan rate was determined by using a stop watch to scan 100 frames; the normal scan rate was 1.07 s/frame and the fast rate was 0.535 s/frame. To record the images, the record button on the optical recorder was pressed manually as the scan reached the bottom of the monitor.
Quantitating Membrane Retrieval After Egg Activation
For all experiments, 5% suspensions of eggs were used. Sperm were diluted 1:100 in ASW immediately before use and fertilization was achieved by mixing eggs and diluted sperm at a volume ratio of 50:1. When eggs were activated by A23187, this was dissolved in DMSO and was added to give a final concentration of 50 p.M. Dye-uptake experiments were performed in 2.5-cm-diam plastic dishes. Tetramethylrhodamine-dextran (Rh-dex; mol wt 3,000; Molecular Probes, Eugene, OR) was dissolved in ASW. It was used at a final concentration of ~100 ~M and was added to the eggs 15 min before the start of an experiment. Rh-dex that was passed over a 10-ml Sephadex G25 (Sigma Chemical Co., St. Louis, MO) column to ensure the removal of free tetramethylrhodamine gave essentially the same results as nonchromatographed Rh-dex. After activation, 0.5-ml aliquots of eggs were taken at intervals and dye uptake arrested by dilution into 15 ml of ice-cold calcium-free buffer (PKME; 50 mM Pipes, 450 mM KC1, 10 mM MgC12, 5 mM EGTA, pH 6.7). Eggs were pelleted by centrifugation at 300 g for 30 s at 4°C, the supernatant was aspirated and the pellet resuspended in 10 ml ice-cold PKME. This was repeated twice more. After the final aspiration, the pellet was resuspended in 1 ml 2.5% Triton X-100 and dispersed using a sonicator (Branson Ultrasonics Corp., Danbury, CT). Rh-dex uptake was determined using a microtiter plate reader (Fluoroskan II; Labsystems, Helsinki, Finland) using an excitation wavelength of 544 nm (band width 15 -+ 2 nm) and an emission wavelength of 590 nm (band width 14 -+ 2 nm). Background dye associated with nonactivated eggs was always subtracted to give a value for stimulated dye internalization. There was no significant difference in the amount of back-1. Abbreviations used in this paper: ASW, artificial sea water; DIC, differential interference contrast; Fl-dex, fluorescein-conjugated dextran; Rhdex, tetramethylrhodamine-conjugated dextran.
ground dye associated with eggs during 1-, 2-, 2.5-, or 17.5-min pulses as determined by analysis of variance (F-Ratio = 0.402, Degrees of freedom = 3,12). Protein concentration was determined using a BCA protein assay kit (Pierce Chemical Co., Rockford, IL).
UV Treatment of Eggs
1-ml vols of 5% suspensions of eggs in 3-cm-diam plastic petri dishes were treated with UV light with a wavelength of 254 nm using a hand-held UV lamp (UVP Inc., Upland, CA) at a distance of 2 cm with agitation every 30 s. 100 ~M Rh-Dex was added to the eggs which were then activated by the addition of 50 ~M A23187 and dye uptake determined as above, or the eggs were fixed for electron microscopy.
Electron Microscopy
Eggs were washed with ASW and fixed with ASW containing 3% glutaraldehyde for 1 h at 22°C and overnight at 4°C. The eggs were washed in Hendry's phosphate buffer and were postfixed in 1% OsO4 in the same buffer. The eggs were then washed in distilled water and stained with saturated uranyl acetate for 15 min. Samples were dehydrated in a graded ethanol and acetone series. Dehydrated samples were embedded in EponAraldite and cured at 60°C for 48 h. Cured blocks were ultrathin sectioned using an Ultratome V (LKB Instruments, Inc., Bromma, Sweden). Sections were stained with saturated uranyl acetate and Reynold's lead citrate and were observed in a transmission electron microscope (CM10; Philips Technologies, Cheshire, CT).
Results
Underlying the plasma membrane of an unfertilized egg is a population of vesicles with a distinct electron dense lamellar morphology most striking in S. purpuratus (Fig. 1 A) .
These are the cortical secretory vesicles or cortical granules and their lamellar morphology is due to the tight packing of the protein contents. During egg activation these granules fuse with the plasma membrane, their contents are released, and the expansion of the extruded granule cores leads to the elevation of the fertilization membrane. After fertilization, the cortical granules are no longer ob~ served by electron microscopy and appear to be replaced by a population of clear vesicles ( Fig. 1 B) . The origin of these vesicles is unknown.
Confocal Imaging of Membrane Retrieval
We attempted to visualize endocytosis at fertilization in sea urchin eggs by using the fluorescent aqueous marker Rh-dex, and the fluorescent membrane markers RH 414 and FM 1-43. These markers are all membrane impermeant. We used confocal microscopy to visualize the cortical regions of eggs bathed in sea water containing Rh-dex (100 IxM). Before fertilization we found little detectable endocytotic activity as judged by the formation of fluorescent inclusions in the egg cytoplasm during a 15-min incubation ( Fig. 2 A) . Typically ~30 s after the addition of sperm, a wave of punctate fluorescence rapidly traversed the cortical region of the egg emanating from the point of sperm-egg interaction (Fig. 2 B) . Since the fluorescent spots indicated by the arrows in Fig. 2 C were not evident in the previous image (1 s previous) (Fig. 2 B) , the formation of these structures is very rapid. The initial appearance of these spots corresponds to exocytosis (50; also see below). Subsequent removal of extracellular Rh-dex by washing with dye-free ASW indicated that a subpopulation of the fluorescent structures were internal and had no (Fig. 2 D) . These fluorescent structures had a mean diameter of 1.5 ___ 0.1 Ixm (mean ___ SEM, n = 54), and ranged in size from 0.2 to 2.9 Ixm. The origin of this size distribution is not known, but it may represent some fundamental variability inherent in the mechanism of their formation.
We also used RH-414, another marker that has been particularly useful for detecting endocytosis (5, 44) . RH-414 is soluble in both water and membranes, but has a low fluorescence in water. W h e n partitioned into membranes, it exhibits a dramatic increase in fluorescence. Confocal microscopic images of three eggs bathed in A S W containing 1 I~M RH-414 are shown in Fig. 3 A. The A S W surrounding the eggs is not fluorescent; bright fluorescence is only seen in the plasma membranes of the eggs. Little endocytotic activity was detected before fertilization. As with Rh-dex, there was a wave of fluorescent labeling that passed across the egg surface at fertilization and greatly increased the m e m b r a n e fluorescence (Fig. 3 B) . Similar ringlike labeling was previously observed with the related dye FM 1-43 (50) . To demonstrate that the initial fluorescent m e m b r a n e labeling is due to exocytosis, we simultaneously imaged the cortical granules by differential inter- Figure 2 . Subcortical localization of Rh-dex during sea urchin cortical granule exocytosis. Subcortical confocal optical sections of a sea urchin egg were captured to study plasma membrane events during egg fertilization. (A) An unfertilized sea urchin egg in ASW containing 100 izM Rh-dex (3,000 mol wt). The egg has been pretreated for 1 min with ASW containing 100 IxM aminodextran (3,000 mol wt) to decrease nonspecific binding of our fluorescent probe. Note the fluorescence all around the egg but occluded from the cytoplasm by the egg's plasma membrane. (B) 24 s after adding sperm (1:1,000 dilution in ASW; at t = 0 s) we see a wave of formation of punctate fluorescent bodies. In this egg, the appearance of these bodies crossed the subcortical region of the egg from the lower right toward the upper left quadrant. A subcortical optical section of three eggs in ASW containing 1 ~M RH-414. Note that RH-414 fluorescence is only observed in the plasma membrane and is not observed in the surrounding sea water or in intracellular membranes. (B) After adding sperm we now see fluorescent bodies in the surrounding sea water which are the RH-414-1abeled membranes of the added sperm. We also see a dramatic increase of fluorescence in the cortical region of the eggs when they are fertilized. The top egg was the first to be fertilized, the bottom egg is in the midst of being fertilized, and the egg at the left has not yet been fertilized. Eggs were washed ference contrast (DIC) and appearance of fluorescent structures after fertilization of eggs bathed with 2 IxM F M 1-43 (Fig. 4) . The dispersal of the cortical granule contents (white arrow) is directly correlated with the appearance of a fluorescent ring. Interestingly, the diameter of the fluorescent ring appears slightly larger than the diameter of the D I C granule image. We perfused eggs with A S W to remove exogenous dye 1 min after the addition of sperm. Plasma membrane-associated fluorescence was effectively removed, but many ringlike fluorescent structures were still visible (Fig. 3 C) indicating that they were no longer continuous with the extracellular medium and thus at this point represented endocytotic structures.
W e determined that both the aqueous and lipid markers were labeling identical structures by incubating fertilizing eggs in A S W containing both Rh-dex and F M 1-43, a membrane marker that has physical properties very similar to those of RH-414, but with fluorescence spectral properties more similar to fluorescein. This dual labeling with aqueous and lipid markers should label the lumen and membrane of the same structures. 2 min after fertilization, many structures had been formed consisting of red circles (the aqueous marker Rh-dex) surrounded by a yellow ring (caused by the overlap of the green membrane marker F M 1-43 and the red fluid-phase marker) (Fig. 5) . These intracellular structures are therefore membrane vesicles with aqueous contents that once mixed with the extracellular milieu.
with ASW 2 min after adding sperm to remove RH-414 from the surrounding sea water and from the contacting egg plasma membrane. At a higher magnification we observe ringlike fluorescent labeling in the subcortical region of fertilized eggs which remain after the wash while the plasma membrane (at the left of the field) is not fluorescent (C). 
Time Course and Magnitude of Membrane Retrieval
To characterize the time course and extent of membrane retrieval after egg activation, we developed an assay for measuring fluorescent dextran uptake in populations of eggs. Eggs were incubated in Rh-dex--containing ASW, fertilized or activated using the Ca2+-ionophore A23187, and dye uptake arrested by adding the eggs to ice-cold calcium-free buffer. The egg-associated fluorescence and protein concentration were determined to calculate the volume of marker internalized. We detected no increase in dye uptake over a 15-min period in unfertilized eggs (data not shown), consistent with our observations using confocal microscopy (see Fig. 2 A) . Dye uptake was detected 30 seconds after the addition of sperm and continued over the following 15 rain (Fig. 6 A) . The half-time for dye uptake was ~5 min. We found that activation by the calcium ionophore A23187 gave very similar results to fertilization, suggesting that uptake was triggered by elevated levels of intracellular Ca 2+ (Fig. 6 A) . The finding that the amount of Rh-dex internalized was linear when used at 25-250 }xM (data not shown), and that inclusion of nonlabeled aminodextran did not reduce the amount of fluorescent dextran internalized (data not shown), argue that Rh-dex within this concentration range is a fluid-phase marker and that dextran binding to a saturatable receptor is not a requirement for uptake. Ultimately a net value of N6% of an egg's starting volume was internalized. This value is ~65 % of the volume of a 1.3-1xm-thick shell of the 80-~m-diam eggs cortical region, and can compensate for the volume lost to the egg when 14,000 cortical granules fuse. To characterize the rate of retrieval we measured uptake during eight consecutive pulses of extracellular dye (each pulse lasting 1-2.5 min) for 17.5 min after egg activation. This indicated that the rate of dextran uptake was maximal between three and five minutes after activation (Fig. 6 B) . We compared the amount of dye retained by activated eggs in response to one 17.5-min pulse, which was 6.2 + 1.1% (mean ___ SD; n = 4) of the cell volume compared with 8.0 __-1.9% (mean ___ SD; n = 4) of the cell volume as measured by the summation of the eight individual pulses. A conservative estimate of the probability that these two values are not drawn from the same underlying distributions is between 90 and 95% (Student's t test). It is therefore unclear if the difference in the amount of dye uptake observed by these two protocols is a statistical fluctuation, or due to an underlying biological process such as dye release via direct fusion, transport, and release of dye via Figure 6 . Time course and extent of membrane retrieval after egg activation. Sea urchin gametes were collected as described and Rh-dex uptake determined at various times after activation. (A) When eggs were activated by fertilization or by the addition of 50 ~M A23187, dye uptake was detected within 30 s and continued over the next 15 min. Fertilization or treatment with the Ca 2+ ionophore A23187 stimulated uptake to the same extent. Mean ---SEM are shown, n = 5. (B) We used pulses of Rh-dex to further characterize the extent of membrane retrieval after activation by A23187. We measured dye uptake during eight consecutive pulses of extracellular dye (black bars; each pulse lasting 1-2.5 min and eggs were immediately quenched on ice after the pulse) for 17.5 min. White bars indicate the cumulative sum of the black bars. We also measured dye uptake in response to one 17.5 min pulse (striped bar). Mean ---SEM are shown, n = 4. small vesicular carriers, or simply due to intracellular dye degradation.
Direct Formation of Large Endosomes
Only a subset of the structures visible in Fig. 2 C is present in Fig. 2 D, indicating that most of the structures observed in Fig. 2 C were large invaginations of the plasma membrane that are continuous with the extracellular milieu. What is unclear is whether the structures that have pinched off the plasma membrane are derived from these large invaginations, or are they formed via a concomitant mechanism where small clathrin-coated vesicles pinched off from the plasma membrane and fused together inside the fertilized egg. We tested which of these mechanisms was operating by performing sequential labeling experiments. 1 min after fertilization, we perfused eggs with fluoresceinconjugated dextran (Fl-dex) ASW and incubated for 30 s. After a 1-min wash we perfused the eggs with Rh-dex ASW and incubated for 30 s. Finally, we washed the eggs with dye-free ASW and determined the intracellular location of each marker. Virtually all of the vesicles appeared either red or green indicating that the two markers are located in different intracellular compartments dispersed among each other throughout the field (Fig. 7) . Occasionally a region of a vesicle appeared yellow, probably due to optical overlap of Fl-dex-and Rh-dex-containing vesicles. Alternatively, yellow vesicles might represent infrequent lateral fusion. When eggs were fertilized in ASW containing both dyes we observed that all of the internalized structures contained both markers (data not shown). If we were labeling preexisting structures such as endosomes by the fusion of many small clathrin-coated vesicles we would expect substantial colocalization of dyes in this experiment. Our failure to observe this suggests that the fluorescent structures form at this size as the direct result of membrane retrieval subsequent to exocytosis and not through the fusion of many small clathrin-coated vesicles.
If the large endosomes observed after egg activation are formed by the direct retrieval of surface membrane into large endosomes it might be possible to ensnare large structures in the lumina of these endosomes. This would be impossible if these endosomes were formed from the fusion of multiple small coated vesicles. We took advantage of the unique morphology of S. purpuratus cortical granule contents to investigate this possibility. Illuminating unfertilized eggs with short wavelength (~254 nm) UV light inhibits the elevation of the fertilization envelope (48) . Eggs were treated with 254 nm UV light after which fertilization envelope elevation and Rh-dex uptake in response to 50 ~M A23187 were determined. Over a 15-min treatment period, fertilization envelope elevation was progressively inhibited. Surprisingly, Rh-dex uptake appeared to be unaffected (Fig. 8) . There was no significant difference between the level of endocytosis in eggs with a full fertilization envelope and those with none. We used electron microscopy to determine precisely what effect UV treatment was having on cortical granule exocytosis. The morphology of unfertilized UV-treated eggs (Fig. 9 A) was indistinguishable from nontreated unfertilized eggs (Fig 1  A) . The cortical granules retained their characteristic lamellar structure and were tightly associated with the plasma membrane. After activation the effect of UV treatment became apparent. Whereas in non-UV-irradiated, A23187-activated eggs the cortical granule contents have disappeared, in UV-irradiated eggs the cortical granule contents were still visible after activation. Apparently UV treatment does not arrest membrane fusion but prevents the expansion of the protein contents of the cortical granules and thus arrests the elevation of the fertilization envelope. Lamellar contents were observed between the plasma membrane and the vitelline membrane arguing that membrane fusion was not inhibited. Cortical granule contents were also observed to be trapped in the lumina of the large otherwise transparent subcortical vesicles (Fig. 9 B) . Evidence that large endocytotic vesicles are formed by the direct retrieval of surface membranes. Sperm was added to eggs for 1 min and then incubated in ASW containing 100 IxM Fl-dex (3,000 mol wt) for 30 s. Next the eggs were washed for 1 min in ASW and then incubated in ASW containing 100 p,M Rhdex for 30 s. Finally, the eggs were washed with ASW and imaged with two channels of a confocal microscope (using rhodamine and fluorescein optics). We observed large red (Rh-dex) and green (Fl-dex) subcortical bodies which were interdispersed but not colocalized.
Our observation of cortical granule contents inside the lumina of the large transparent subcortical vesicles in activated UV-irradiated eggs, and the observation that dextrans labeled with different fluorescent markers segregate into different large subcortical vesicle populations when the dyes were applied extracellularly in sequential pulses argues that the endocytosis responsible for the net retrieval of 6% of an egg's volume is not mediated by small clathrin-coated vesicles. Consistent with this result is the finding that treating eggs with the protein kinase C activator PMA (200 nM) for 60 min triggered little uptake of Rh-dex (4.0 __+ 0.9% of A23187 control, mean ___ SEM, n = 3). Activation of protein kinase C by PMA is known to trigger the formation of clathrin-coated vesicles in unfertilized sea urchin eggs without stimulating exocytosis (14) .
Membrane Retrieval Is Inhibited by Procaine
Little is known about the membrane intermediates involved in the mechanism of the direct bulk membrane retrieval that we have observed. Amphipathic membrane active compounds are known to inhibit membrane fusion reactions such as exocytosis, viral fusion, and fusion reactions involved in intracellular trafficking (13) . For exocytosis they inhibit at a mechanistic step after calcium activation (55) . Thus, while it has not been shown that these compounds inhibit endocytosis, we might expect that these compounds should inhibit calcium-triggered endocytosis, even after exocytosis has been completed, if calcium-triggered exocytosis and endocytosis share a common lipidic intermediate. We treated eggs with the amphipathic membrane active drug procaine (10 mM). A 5-min exposure to 10 mM procaine was sufficient to fully inhibit exocytosis in >95% of eggs. 5 min after treatment with procaine, eggs were activated with 50 IxM A23187 in the presence of 100 IxM Rh-dex. Over a 15-min period, procaine-treated eggs internalized only 3.5 ___ 3.4% of the volume internalized by A23187-activated controls (mean _+ SEM, n = 5). When activated eggs were transferred into ASW containing 10 mM procaine after cortical granule exocytosis had been completed (5 min after the addition of A23187), dye uptake ceased abruptly (n = 3). Thus procaine can inhibit rapid membrane retrieval by a mechanism other than inhibiting exocytosis (25) , and suggests that curved fusion intermediates, such as stalks (12, 33, 59) , might also be involved in membrane retrieval.
Discussion
In many cell types exocytosis is often followed by endocytosis (4, 24, 29, 38, 40, 51) . Studies in neurons (56), pituitary nerve terminals (42) , and melanotrophs (52) based on electrical measurements suggest that after triggered exocytosis, large structures rapidly pinch off from the plasma membrane. Unfortunately, capacitance measurements alone do not discriminate between changes in membrane surface area due to endocytosis, from those caused by blebbing of the plasma membrane (2) . Sea urchin eggs normally show little exocytotic or endocytotic activity before fertilization (9, 20, 21) . Fertilization activates the egg from its state of dormancy into a rapidly growing and dividing cell. One of the many processes initiated at fertiliza- Time of uv treatment, minutes Figure 8 . The effects of 254 nm UV light on fertilization envelope elevation and Rh-dex uptake. Eggs were treated with 254 nm UV light and activated with 50 IzM A23187. Over a 15-min period fertilization envelope elevation as visualized using bright field microscopy (O) was progressively inhibited. In these same eggs Rh-dex uptake (O) was measured and was unaffected by UV light treatment.
tion is membrane trafficking, making this cell ideal for studying the relationship between exocytosis and endocytosis. Cortical granule exocytosis is the first and most obvious membrane fusion event following sperm-egg fusion.
Later exocytotic events are involved in the deposition of components of the extracellular matrix (1, 6) and epithelial invagination (30) . After each of these membrane fusion events, the embryo presumably compensates for the membrane added to its plasma membrane during exocytosis. Little is known about how this is accomplished. After fertilization of eggs bathed with ASW containing fluorescent aqueous dyes or lipid-soluble dyes, there was a rapid increase of punctate fluorescence in subcortical regions of the eggs. This fluorescence sweeps across the egg as a wave that appears similar to the calcium wave that precedes it (49) . New fluorescent structures were seen to form in less than a second. The size and density of these fluorescent structures, as well as the speed of their formation, are consistent with them being a manifestation of cortical granule exocytosis, since cortical granules can fuse within 15 ms of being exposed to calcium (54) and disperse their contents within 35 ms (35) . By simultaneously imaging cortical granules and FM 1-43 fluorescence, the appearance of these fluorescent structures were correlated to within 0.5 s with the disappearance of granules (see also 50) . In an egg bathed with a lipid-soluble fluorescent dye we showed that when a cortical granule disappears as visualized with DIC microscopy, there is the concomitant appearance of a fluorescent ring (Fig. 4) . Presumably, upon fusion with the plasma membrane, the cortical granules protein contents are discharged and the fluorescent dyes diffuse through the newly formed fusion pores into the lumina of the granules. Measured using either aqueous-or lipid-phase fluorescent dyes, a number of these structures appeared to detach from the plasma membrane of the egg, since they could not be washed away by bathing with dyefree ASW. These vesicles no longer had extracellular continuity and thus are endosomes (57) . Activation of eggs in ASW containing both aqueous-and lipid-phase fluorescent dyes (Fig. 5 ) demonstrated that both markers labeled the same structures. The variability observed in the amounts of each dye associated with any specific vesicle is thought to arise from vesicles which pinched off from the plasma membrane during dye perfusion. Dyes with different labeling kinetics would be present at different ratios if they had not reached equilibrium at the instant of endosome detachment. A subcortical vesicle of the size and abundance of the labeled endosomes was observed by electron microscopy in activated eggs (Fig. 1) . These clear vesicles appeared to replace the fused cortical granules, and in UV-treated eggs often retained fragments of cortical granule contents (Fig. 9) suggesting that their membranes might be in part derived from the membranes of cortical granules. These large, clear subcortical vesicles might be related to acidic vesicles (31, 45 ) that apparently contain peroxidase activity (20) , and may also have dynaminlike immunoreactivity (18) . It is of some interest that cortical granules also contain ovoperoxidase (17) and dynaminlike immunoreactivity (18) suggesting that some components of the large clear vesicles are derived from cortical granules.
Using a dye uptake assay in populations of eggs we were able to define the kinetics of endocytosis after exocytosis. Approximately 30 s after egg activation endocytosis began and persisted over the next 15 min. Uptake was most rapid between three and five minutes after activation. The kinetics and amount of dye uptake were indistinguishable in eggs activated by fertilization or the Ca 2÷ ionophore A23187. Over this 15-min period ~6% of the egg's volume was internalized.
We wanted to define how these large endosomes were formed after exocytosis in sea urchin eggs. Was it through a mechanism in which clathrin-coated pits were formed followed by pinching off of coated vesicles from the plasma membrane and subsequent fusion to form 1.5-1xm-diam endosomes? Alternatively, did large endosomes directly form at the plasma membrane? A consideration of the quantitative data we obtained from the dye uptake assay in populations of eggs would suggest that the latter is most likely. To account for the volume of solute internalized through 0.1-~m-diam clathrin-coated vesicles would require the uptake of 15 times the area of membrane inserted during cortical granule exocytosis. Obviously, if the endocytosed vesicles were approximately the size of the exocytotic granules, the amount of membrane internalized during endocytosis would closely resemble that inserted during exocytosis. We tested this by giving pulses of two fluorescent dextrans and determining the subcellular fate of each. We found virtually no mixing of the two dyes when given 1 min apart. This exclusive localization suggests that the endosomes formed directly rather than through the concerted fusion of many smaller vesicles. However, this interpretation of the data relies on the premise that coated vesicles that form 1 min apart would fuse to the same early endosomal compartment. A confirmation of the direct formation of large endocytotic structures came from the finding that UV light prevented the dispersion of cortical granule protein cores after exocytosis. While it is possible that short wavelength UV light inhibits fertilization envelope elevation nonspecifically by randomly damaging cellular components, this is unlikely because UV-irradiated eggs go on to divide and form blastulae (48) . UV light has been shown to induce dityrosine formation in proteins (32) . The formation of dityrosines, catalyzed by a cortical granule peroxidase, is thought to stabilize the fertilization envelope after cortical granule exocytosis (23, 27) . The treatment of unfertilized eggs with short wavelength UV light possibly leads to premature dityrosine formation and thus cross-linking of the granule contents, preventing them from expanding upon exocytotic membrane fusion (10) . The observation that in UV-treated eggs, 1-txm-diam granule cores appear in large, otherwise empty cortical vacuoles suggests that after exocytosis, plasma membrane homeostasis is achieved through the direct retrieval of large endocytotic vesicles. In keeping with this, we found that treatment with the protein kinase C activator, PMA, which stimulates clathrin-dependent endocytosis in unfertilized eggs (14) , failed to stimulate substantial dye uptake.
Subsequent to egg activation, endocytosis by clathrincoated vesicles is triggered (9, 20, 21) , probably via the activation of the protein kinase C pathway (14) . This membrane retrieval pathway might allow the embryo to selectively regulate the lipid and protein composition of the plasma membrane in preparation for the development of a new organism. We have presented compelling evidence that the mechanism by which most of the membrane is retrieved after triggered exocytosis in sea urchin eggs involves the direct formation of large vesicles at the plasma membrane. To our knowledge, this is the first direct demonstration of the retrieval of membrane into large vesicular structures after triggered exocytosis in a living cell using noninvasive techniques. What we do not know is whether these endocytotic vesicles represent cortical granules that have fused with the plasma membrane, released their contents, and resealed or whether they are composed of a mosaic of plasma membrane and cortical granule membrane. The vesicles that pinch off into the cytoplasm (1.5 ~m) are larger than those that fused during exocytosis (1.3 ~m), as are the fluorescent rings observed during granule exocytosis (see Fig. 4 ). This is consistent with the transfer of plasma membrane through a fusion pore to exocytotic granules observed during flicker fusion in mast cells (37) , and may allow for the retrieval or recycling (8) of specific plasma membrane components such as proteins that are no longer needed in a new embryo, for instance, sperm receptors (22) . The lifetimes of fusion pores during flicker fusion are only of the order of hundreds of milliseconds to several seconds (36, 59 ), whereas we see membrane retrieval over a 15-min period. Thus, if cortical granules do transiently fuse with the plasma membrane, their dwell time in the plasma membrane must be much longer. Another difference between flicker fusion and the cortical granule exocytosis-membrane retrieval we have observed involves the apparent fusion pore diameter. When a flicker fusion pore expands beyond a diameter of ~36 nm, it has not been observed to close (16, 36) . In UV-treated eggs, we know that some fusion pores must expand to a size which allows the release of the semi-intact granule core (~1 txm). In these eggs we still see an endocytotic response indistinguishable from nontreated eggs. These data argue that the large vesicles which form after triggered exocytosis are not the result of simply resealing a small diameter cortical granule fusion pore, but rather by the retrieval of membrane after fusion pores has fully dilated. Membrane retrieval is completed when large membrane invaginations pinch off from the plasma membrane to form large vesicles by a mechanism which is procaine sensitive, but remains to be elucidated.
